Special Issue on Soot Dynamics in Internal Combustion Engines
''Soot'' has been one of the most frequently studied and enduring topics in the combustion research community. Its formation in engines contributes to component fouling and efficiency losses by radiative heat transfer, while its emission negatively impacts human health and the environment. In the early 1970s, a number of fundamental studies on soot formation and oxidation processes by means of shock-tube and flat flame burner experiments have been reported. The results obtained in these studies are the root of our understanding of the soot processes in internal combustion engines.
Minimizing soot emissions from diesel engines has been perpetual target as the level of engine-out soot emission limits the maximum engine torque. In the old days, when fuel injection systems relied on a mechanical pump, the injection pressure depended on the engine speed. This resulted in higher smoke emissions at low engine speed and high torque conditions due to the lower injection pressure and lower swirl velocity.
The above problem was solved in the late 1990s by the common-rail fuel injection system, which allows the fuel injection pressure to be decoupled from the engine speed. The advancement provided arbitrary control of both the injection pressure and phasing. Combining the multiple injection strategies enabled by the common-rail system with variable geometry turbocharging, diesel combustion technology attained revolutionary progress.
However, internal combustion engines are still subject to increasingly strict demands for reduced carbon dioxide, nitrogen oxides (NOx) and particulate matter (PM) emissions. Indeed, meeting the stringent global emissions standards has required the addition of exhaust after-treatment systems to both gasoline and diesel engines. The diesel particulate filter (DPF) is an effective device to trap soot particles thereby removing more than 99% of the engine-out particle mass. The soot accumulated in the DPF after a certain driving distance must be burned off-a process referred to as regeneration. The regeneration process depends on the exhaust flow rate, oxygen concentration, temperature and soot mass loading on the DPF. Optimization of the regeneration strategy requires a deep understanding of the mechanism by which soot deposited on the filter oxidizes. Although the DPF can remove soot particles in the exhaust with a high-trapping efficiency, strategies to further reduce soot emissions from the cylinder are still warranted as the increased pressure drop in the DPF deteriorates engine performance and frequent regeneration constitutes a significant fuel penalty. This special issue on ''Soot dynamics in internal combustion engines'' includes 16 technical papers and 1 review. The contents of these papers cover a wide spectrum of topics that can be roughly classified under the following three headlines: (1) in-flame soot processes in diesel DI engines, (2) in-flame soot processes in gasoline DI engines and (3) characterization of soot particles in the engine exhaust.
In-flame soot processes in diesel DI engines
Three of the included manuscripts investigate incylinder soot processes in diesel engines. The first work considered the role of a post injection in soot formation and oxidation in an optical diesel engine under premixed charge compression ignition (PCCI) conditions at low load. Both in-cylinder optical and conventional exhaust measurements showed that-even largeamounts of post-injected fuel very close to the main combustion phase are preferable against later postinjections, which extends knowledge the research community has obtained from high-load conventional diesel combustion. The findings are attributed to the complex optimization of oxygen availability and temperature for reduced formation and enhanced oxidation of soot. A second in-cylinder study used combustion modeling to optimize the combustion bowl shape and fuel injector characteristics for a small diesel engine. Experimental tests of the simulation-based engine design demonstrated improved soot-NOx trade-off and increased brake thermal efficiency. In another work, soot oxidation was studied in a heavy-duty diesel engine (HDD) and a rapid compression and expansion machine. The authors captured luminous flame images for analysis by the two-color method and fit a simple model to the experimental data to quantify the soot surface oxidation rate. The study found that the soot surface oxidation mechanism varied across the different experimental conditions.
In addition to the engine work, two experimental and numerical papers on the soot onset and progression in a free single-shot spray flame are presented. The first study investigates the onset and progression of soot in high-pressure n-dodecane sprays in a constant volume, pre-burn combustion chamber over a range of ambient temperatures and oxygen concentrations. Qualitative experimental measurements of formaldehyde and polycyclic aromatic hydrocarbons (PAH) are compared with simulated results for formaldehyde and acetylene (serving as proxy for PAH in the reduced kinetic mechanism). Quantitative time-resolved soot measurements are compared with simulations as well. The results demonstrate that lower ambient oxygen concentrations lead to a lower temperature for soot onset and that soot oxidation occurs upstream of the observable penetrating vapor head. The time histories of temperature at various axial locations in a single-shot diesel spray flame in a constant volume vessel were measured using a thin-wire type thermocouple. The measured temperature at a core region where PAHs appear first was found to be higher than temperatures predicted by a soot model coupled with large eddy simulation (LES). The gap might be attributed to uncertainties of the current PAH formation model. As shown, the mechanism of soot processes in a free jet flame is becoming clearer steadily.
In-flame soot processes in gasoline DI engines
All on-road vehicles are subject to particulate emission standards regardless of the fuel type, and the soot processes in gasoline engines have also been investigated intensively. Gasoline engine relevant topics covered in this issue include the effect of fuel injection strategy on combustion and soot formation in a spark ignition (SI) engine fueled with n-butanol, the effects of lubricant on PM emission from port and direct injection SI engines and soot production in a premixed compression ignition (PCI) engine. An investigation of spray-guided gasoline direct injection (GDI) combustion revealed the positive influence of injection-related parameters and a large-scale air motion on emitted soot mass and particle number in the exhaust. While the former (high injection pressure and small nozzle orifices) reduced mainly the droplet size and therefore their evaporation time, the large-scale motion favored fuel-air mixing through higher turbulence levels presumably due to large vortex break-down close to top dead center (TDC). An examination of the influence of injection timing on the engine thermodynamics and soot emissions in a wall-guided GDI engine showed that in such a combustion system, the optimal injection timing is determined by the complex interactions among fuel spray, air-flow and wall impinging, leading each time to different equivalence ratios in the vicinity of the spark plug and the intensity of ''pool-fires'' on the piston. Supported by the optimal investigations (mainly flame luminosity), a trade-off could be established between stable flame propagation and low soot emissions.
Characterization of soot in the engine exhaust
Nearly half of the papers in this special issue concern the characterization of soot particles in the exhaust. This is an area of great importance because the size, morphology, density, composition and reactivity of engine-out soot impact accumulation and oxidation of soot particles on the DPF. One manuscript examines the physicochemical characteristics of soot emitted from a reactivity controlled compression ignition (RCCI) engine. The work shows that PM emitted from RCCI engines consists mostly of semi-volatile hydrocarbons with a small concentration of solid particulate on the order of 40-60 nm in size. These results, combined with speciation of the undisturbed exhaust aerosol, indicate that the PM formation process in RCCI is significantly different from that in conventional diesel combustion. Another work using a light-duty diesel engine at a single load-speed point investigates the effect of soot nanostructure on its oxidation rate and burnout. Particles formed from conventional diesel fuel, biodiesel and blends of two demonstrated variable particle nanostructure. The authors proposed an alternative burnout model to account for observations of increasing specific surface area during devolatilization and oxidation of soot particles. The nanostructure and oxidative reactivity of soot were also investigated in a light-duty turbocharged diesel engine under conditions with significant exhaust gas recirculation (EGR). This highly dilute, low-temperature combustion strategy enables low soot and NOx emissions earning it to the title high efficiency clean combustion (HECC). The nanostructure of soot formed under HECC conditions showed greater curvature relative to soot produced from under conventional diesel conditions, which has been shown to correlate with higher oxidative reactivity.
In both spark-ignited direct injection (SIDI) and HDD, the size-resolved particle mass and number concentrations were measured over a range of operating conditions. The particle mass concentration in the exhaust was determined gravimetrically and also estimated using an integrated particle size distribution (IPSD) method. Wall-scale filtration experiments were also performed using the SIDI exhaust to evaluate the changes in filter performance as a function of face velocity and trapped mass. Another study characterizes PM (soot and ash) emitted by a turbocharged GDI engine under multiple combustion strategies including lean homogeneous, lean stratified, stoichiometric and fuel rich. Particle characteristics are shown to vary widely across these different combustion strategies with lean stratified operation producing the most diesel-like soot size distributions and stoichiometric operation yielding too little soot for reliable analysis in the bulk by traditional methods. The characteristics of ash formed from lubrication oil additives are shown to be sensitive to operating conditions, and its impact on the effectiveness of PM filters is noted.
A combined experimental and modeling investigates soot production from a PCI engine with a load extension injection. By delaying the load extension injection event beyond the PCI heat release, the authors find that soot formation is significantly reduced and depends only on temperature and not on ambient oxygen concentration. The potential to enable higher loads in PCI engines with lower soot emissions is therefore demonstrated.
A study involving soot and particle number in the exhaust of a single-cylinder research diesel engine has been used in addition to commercial diesel, a paraffinic, non-oxygenated and a blend of oxygenated fuels. The non-conventional fuels are typically derivative from biomass and show, interestingly, that both not only reduce engine-out soot mass and particle number but also-though to a varying extent-result in a significant reduction of soot oxidation temperature on the DPF, thus leading to lower energy requested for soot regeneration compared to the commercial diesel fuel. The effects of lubricant oil on particle emissions from both gasoline and compressed natural gas (CNG) SI engines were investigated using an optical engine without lubrication. When gasoline was used as fuel, a fueloil mixture was either port or direct injected. When the engine was fueled with CNG, the oil was either injected into the intake flow or directly into the combustion chamber. Lubricant oil was 1%, 3%, 5% and 7% of the fuel mass, and the results were compared with the ''oil-free'' condition for each fuel and injection mode considered. It was found that oil addition always produced a remarkable increase in the finest particle in the nucleation mode. A compact nano-aerosol monitor (NAM) which has no volatile particle remover was developed in an attempt for the application to particle number portable emission measurement system (PEMS). A test on exhaust measurements on a GDI engine and a commercial diesel engine showed a similar result to that obtained by a traditional instrument under the particle measurement program (PMP) methodology.
Finally, we note that the ability to monitor DPF ''health'' or effectiveness during real-world driving is a serious concern with DPF technology. Onboard diagnostics monitoring soot leakage past the DPF are regulated in California and other states in the United States. To this end, a novel instrument for measuring soot mass in the exhaust is introduced in this issue and the current status of soot sensor development for detecting DPF failures is overviewed in a review paper.
We hope that this special issue will be of some help for the future work of readers working on soot processes. 
